Sepsis is a life-threatening organ dysfunction that is caused by a dysregulated host response to infection ([@R1]--[@R3]). The innate immune response provides critical protection against lethal infection and injury, but an uncontrolled hyperinflammatory response may cause tissue damage, multiple organ failure, and poor outcomes in severe sepsis ([@R4]). Recent studies have demonstrated that neuroimmune interactions function in both the CNS and peripheral inflammation in a variety of clinical conditions ([@R5]). Vagus nerve--mediated cholinergic signaling controls immune functions and the inflammatory response, and this has provided a basis for new therapeutic intervention ([@R6]). Promptly and precisely regulating inflammation via this cholinergic anti-inflammatory pathway is pivotal to strategies aimed at combatting sepsis ([@R7]).

The efferent vagus nerve, through releasing acetylcholine ([@R8]), dominates systemic inflammation and inhibits the release of pro-inflammatory cytokines, depending on the α7-nicotinic acetylcholine receptor. This network is therefore called the "cholinergic anti-inflammatory pathway" ([@R9], [@R10]). Excessive immune responses are controlled by this neural pathway and maintain homeostasis ([@R11]). Stimulating the efferent vagus nerve significantly decreased serum levels of tumor necrosis factor (TNF)-α in a rodent model of sepsis ([@R10]), whereas surgical vagotomy increased susceptibility to infection, suggesting that the vagus nerve plays an indispensable role in modulating peripheral inflammation ([@R12]). Cholinergic anti-inflammatory modulation is therefore an essential underlying mechanism in inflammatory diseases ([@R13]).

In the CNS, acetylcholine transmission mainly originates in groups of cholinergic neurons within the basal forebrain (BF) that densely innervate cortical and subcortical regions ([@R14], [@R15]). The BF contains a diverse population of neurons, including cortically projecting cholinergic and noncholinergic neurons as well as various interneurons ([@R16]). Cholinergic projection neurons in the BF originate the major cholinergic output in the CNS and have been widely studied in the sleep-wake transition and the control of cortical activation, plasticity, and cognition ([@R17], [@R18]). However, it remains unknown whether BF cholinergic (ch-BF) neurons exert an anti-inflammatory effect on sepsis and if so, through what central and peripheral neuronal circuits the cholinergic anti-inflammatory pathway work.

We therefore asked whether activating ch-BF neurons has an anti-inflammatory effect on sepsis using ChAT-Channelrhodopsin-2 (Chr2)-EYFP optogenetic and wild-type (WT) mice. To explore how photoactivating ch-BF neurons affect inflammation resolution, we used c-Fos expression to screen photoactivation-induced neuronal activity in the whole brain. We further clarified the central and peripheral neuronal circuits mediated the anti-inflammation.

MATERIALS AND METHODS
=====================

Animals
-------

Adult male 6--8-week-old wild-type C57BL/6 mice and ChAT-ChR2-EYFP transgenic mice (subsequently referred to as "ChAT mice") were used in our study. All animal experiments were performed according to procedures approved by the Animal Care and Use Committee of Zhejiang University. See the **supplemental data** (Supplemental Digital Content 1, <http://links.lww.com/CCM/C782>), which presents the necessary methods used in this study.

Photostimulation of ch-BF Neurons in ChAT Mice
----------------------------------------------

Photostimulation was induced unilaterally on the right BF. An optical fiber was inserted into an implanted cannula 1 day before the experiments. We confirmed that ChR2 expression was selectively induced with high precision by applying blue light in ch-BF neurons of ChAT mice ([@R18], [@R19]). The optical fiber was coupled to a 473 nm laser under driver control. Light pulse trains (30 ms pulses at 20 Hz for 15 s once per minute for 30 min every 1.5 hr) were controlled using digital commands and a Master-8 pulse stimulator (A.M.P.I., Jerusalem, Israel).

Surgical Implantation
---------------------

A guide cannula (RWD Life Science, Shenzhen, China) was unilaterally surgically implanted in all. The animals were anesthetized using chloral hydrate (400 mg/kg, i.p.) and mounted on a small animal stereotaxic frame (Stoelting Corp., RWD Life Science). A cannula was placed above the right BF (antero-posterior, 0.7 mm; mediolateral, 1.6 mm; dorsoventral, 4.0 mm) according to *The Mouse Brain in Stereotaxic Coordinates*, Second Edition ([@R20]). Four skull screw-holes were drilled, and tightly fitting screws were driven through the skull to the surface of the dura. After surgery, the animals were allowed to recover in individual chambers for at least 7 days.

Polymicrobial Sepsis Model
--------------------------

A cecal ligation and puncture (CLP)--induced sepsis model was generated as previously described ([@R21]). See the supplemental data (Supplemental Digital Content 1, <http://links.lww.com/CCM/C782>), which presents the necessary methods used in this study.

Left Cervical Vagotomy
----------------------

A ventral cervical midline incision was used to expose the left cervical vagus trunk, which was ligated using 4-0 silk sutures and excised at least 1 cm. The skin was then closed using 3-0 sutures. In sham-operated mice, the left vagus nerve was exposed and isolated from the surrounding tissue but not transected. All animals were vagotomized 3 days before CLP.

Cytokine Measurements
---------------------

Serum and tissue supernatants were used to analyze the protein levels of TNF-α, interleukin (IL)-6, and IL-10 using enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, MN) according to the manufacturer's recommendations. See the supplemental data (Supplemental Digital Content 1, <http://links.lww.com/CCM/C782>), which presents the necessary methods used in this study.

Brain Slice Preparation
-----------------------

See the supplemental data (Supplemental Digital Content 1, <http://links.lww.com/CCM/C782>), which presents the necessary methods used in this study.

Immunohistochemistry
--------------------

See the supplemental data (Supplemental Digital Content 1, <http://links.lww.com/CCM/C782>), which presents the necessary methods used in this study.

Administration of 6-Hydroxydopamine (6-OHDA)
--------------------------------------------

Chemical splenic denervation was performed by injecting 6-OHDA (60--120 μg; Sigma-Aldrich, St. Louis, MO) or saline into exteriorized spleens according to the method described by Gigliotti et al ([@R22]). The mice were then allowed to recover for 1 week before photostimulation.

Statistical Analysis
--------------------

All statistical analyses were performed using SPSS 16.0 for Windows (SPSS, Chicago, IL) and GraphPad Prism 5.00 for Windows (GraphPad Software, La Jolla, CA). All data shown in the figures and text are presented as the mean ± [sem]{.smallcaps}. One-way analysis of variance followed by a Bonferroni test were performed to compare mean values between multiple groups. Survival rates were analyzed using the Mantel-Cox test. The threshold for significance was set at a *p* value of less than 0.05.

RESULTS
=======

Photoactivation of ch-BF Neurons Attenuated Systemic Inflammatory Responses in Septic mice
------------------------------------------------------------------------------------------

We induced repetitive bursts of action potentials in ch-BF neurons to analyze their neuromodulatory effects (experiment protocol in **Fig. 1*A*** and schematic drawing in **Fig. 1*B***). When ch-BF neurons were photostimulated, serum levels of TNF-α were significantly lower after 3 (*p* \< 0.01) and 12 (*p* \< 0.001) hours in ChAT-lit septic mice than in ChAT-unlit septic mice (**Fig. [1](#F1){ref-type="fig"}*C***). Serum levels of IL-6 were lower after 3 hours (*p* \< 0.05) and further lowered after 12 hours (*p* \< 0.001) in ChAT-lit mice (**Fig. [1](#F1){ref-type="fig"}*D***). Our analysis of cytokine concentrations in spleen protein extracts produced similar results. Additionally, we found that TNF-α and IL-6 levels were lower at 3 and 12 hours after ch-BF neurons were photoactivated, whereas IL-10 levels were not significantly different between ChAT-lit and ChAT-unlit mice by CLP (**Fig. [2](#F2){ref-type="fig"}**, ***A***--***C***). There was no significant difference in the concentrations of TNF-α, IL-6, and IL-10 between WT and ChAT septic mice that were not photostimulated. However, there was no significant difference in survival between ChAT-lit septic mice and ChAT-unlit septic mice (Fig. S1, Supplemental Digital Content 1, <http://links.lww.com/CCM/C782>). Collectively, these results indicate that photostimulating ch-BF neurons significantly alleviated systemic inflammatory responses, and especially the release of pro-inflammatory cytokines, following CLP surgery.

![Selectively activating basal forebrain cholinergic neurons attenuated the systemic inflammatory response to cecal ligation and puncture (CLP)--induced sepsis. After photostimulation of basal forebrain cholinergic neurons and CLP surgery, blood was collected at 3 and 12 hr (*n* = 6--10 per group). **A**, The model of experiment protocol. **B**, Schematic drawing shows the detailed methods of photostimulation and CLP. **C**--**D**, The pro-inflammatory cytokines tumor necrosis factor (TNF)-α and interleukin (IL)-6 were present at lower levels in photostimulated ChAT septic mice. **E**, There was no significant difference in the levels of anti-inflammatory cytokines (IL-10) between ChAT-lit septic mice and ChAT-unlit septic mice. These data are presented as the mean ± [sem]{.smallcaps} (\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001). NS = no significant difference, WT = wild type.](ccm-45-e1075-g001){#F1}

![In cecal ligation and puncture (CLP)--induced sepsis, splenic inflammatory cytokines were regulated by the photostimulation of basal forebrain cholinergic neurons. Wild-type (WT) and ChAT mice were treated with photostimulation. Spleens were then collected at 3 and 12 hr after CLP (*n* = 6--10 per group). **A**--**B**, The levels of tumor necrosis factor (TNF)-α and interleukin (IL)-6 were significantly lower in the spleens of photostimulated ChAT mice after CLP. **C**, The levels of IL-10 were not different between the spleens of ChAT mice that were treated or not treated with photostimulation after CLP. The data are presented as the mean ± [sem]{.smallcaps} (\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001). NS = no significant difference.](ccm-45-e1075-g002){#F2}

The Attenuation of the Systemic Inflammatory Response in Sepsis Induced by Photostimulating ch-BF Neurons Is Nearly Abolished by Left Cervical Vagotomy
-------------------------------------------------------------------------------------------------------------------------------------------------------

Previous studies have shown that animals subjected to unilateral vagotomy are abnormally sensitive to inflammatory challenge. To determine whether the vagus nerve is essential for the immunomodulatory function of ch-BF neurons during sepsis, we performed left cervical vagotomy before CLP surgery in photostimulated WT and ChAT mice. We observed that serum concentrations of TNF-α (*p* \< 0.01) and IL-6 (*p* \< 0.05) were lower in ChAT septic mice that did not undergo left cervical vagotomy, and this effect was nearly abolished after 12 hours in ChAT septic mice that underwent left cervical vagotomy (**Fig. [3](#F3){ref-type="fig"}**, ***A***--***B***). Moreover, in ChAT mice, left cervical vagotomy restored IL-6 levels in spleen after 12 hours (*p* \< 0.05) (**Fig. [3](#F3){ref-type="fig"}**, ***C--D***). Taken together, these findings indicate that the vagus nerve is required for ch-BF neuronal photoactivation to modulate the systemic inflammatory response.

![The vagus nerve was essential for basal forebrain cholinergic neurons to regulate the systemic inflammatory response. Wild-type (WT) and ChAT mice underwent left cervical vagotomy (LcVGX) or sham surgery (both groups of mice were implanted with a cannula 7 d prior to surgery). After 3 d, the mice underwent the cecal ligation and puncture (CLP) operation and were treated with photostimulation (*n* = 6 per group). **A**--**B**, Serum levels of tumor necrosis factor (TNF)-α and interleukin (IL)-6 were lower in the ChAT septic mice that did not undergo LcVGX, and this effect was partly abolished in the ChAT LcVGX mice. **C**--**D**, TNF-α and IL-6 levels were restored in the spleens of ChAT LcVGX mice after CLP. These data are presented as the mean ± [sem]{.smallcaps} (\**p* \< 0.05, \*\* *p* \< 0.01). NS = no significant difference.](ccm-45-e1075-g003){#F3}

Stimulating ch-BF Neurons Significantly Induced c-Fos Expression in Both the BF and the Dorsal Motor Nucleus of the Vagus (DMN)/Ventral Part of the Solitary Nucleus (SolV)
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To clarify the functional connection between ch-BF neurons and the peripheral immune response, we investigated neuronal activity in the nucleus of the vagus nerve after photoactivation of ChR2-expressing ch-BF neurons. We found that a large number of neurons in the BF region of photoactivated ChAT mice were c-Fos positive, and some of these c-Fos--positive neurons were also ChAT-positive (**Fig. [4](#F4){ref-type="fig"}**, ***A1***--***D1* and *A2--D2***), indicating that cholinergic neurons were activated by in vivo photostimulation. Interestingly, photoactivating ch-BF neurons also significantly activated c-Fos--positive neurons in the DMN/SolV (**Fig. [4](#F4){ref-type="fig"}**, ***A3***--***D3* and *A4--D4***). However, the number of c-Fos--positive neurons was significantly lower in the BF and DMN/SolV in ChAT mice not treated with photostimulation (Fig. S2, Supplemental Digital Content 1, <http://links.lww.com/CCM/C782>). Our analysis of the number of c-Fos--positive cells indicated that photostimulating ch-BF neurons in ChAT mice induced significantly more c-Fos expression in both the BF (*p* \< 0.01) and the DMN/SolV (*p* \< 0.001) than was observed in nonphotostimulated ChAT mice (**Fig. [4](#F4){ref-type="fig"}*E***). These results collectively indicate that the neuronal connections between the BF and the DMN/SolV are involved in modulating the inflammatory response in sepsis.

![Photostimulating basal forebrain (BF) cholinergic neurons induced c-Fos expression in the BF and the dorsal motor nucleus of the vagus (DMN)/ventral part of solitary nucleus neurons (SolV). **A1**--**D1**, Immunofluorescent labeling showing that photostimulating BF cholinergic neurons induced c-Fos expression in a large number of BF neurons. **A2**--**D2**, Serial images projection. Some ChAT+ neurons are c-Fos+ (*arrows* in **D2**), and some neurons are ChAT-- and c-Fos+ (*arrowhead* in **D2**). **A3**--**D3**, Increased c-Fos expression was observed in the DMN/SolV. **A4**--**D4**, Serial images projection. Most neurons were ChAT--/c-Fos+ (*arrowhead* in **D4**). **E**, Quantification of c-Fos--positive cells in ChAT mice that were or were not photostimulated. These data are presented as the mean ± [sem]{.smallcaps} (\*\**p* \< 0.01, \*\*\**p* \< 0.001; scale bar = 50 μm). DAPI = 4′,6-diamidino-2-phenylindole.](ccm-45-e1075-g004){#F4}

Dopaminergic Neurons in the DMN/SolV When ch-BF Neurons Are Photoactivated and Mediated the Cholinergic Anti-Inflammatory Effect of Vagus Nerve
-----------------------------------------------------------------------------------------------------------------------------------------------

To determine what types of neurons activated by photostimulation of ch-BF neurons, we next examined the expression of tyrosine hydroxylase (TH), ChAT, and c-Fos in the DMN/SolV. We observed very few ChAT+ c-Fos+ cells (Fig. S3, Supplemental Digital Content 1, <http://links.lww.com/CCM/C782>) but a significant increase in the density of TH+ c-Fos+ cells in the DMN/SolV of the ChAT-lit mice (TH+ c-Fos+ cells vs ChAT+ c-Fos+ cells: 35.2% ± 4.6% vs 6.1% ± 3.9%) (**Fig. [5](#F5){ref-type="fig"}**, ***A1--D1*** and ***A2***--***D2***). Our results reveal that dopaminergic neurons, specifically labeled with TH, composed the main type of neurons in the DMN/SolV, which are activated by photostimulation of ch-BF neurons. Nerve fibers in the spleen that originate in the celiac ganglion use norepinephrine as their primary neurotransmitter. We next sought to determine whether the dopaminergic neurons in the DMN/SolV mediated such an anti-inflammatory effect by locally injecting 6-OHDA to destroy dopaminergic neurons in the spleen. Surprisingly, destroying dopaminergic transmission to the spleen almost completely reversed the reduction in serum (Fig. S4, Supplemental Digital Content 1, <http://links.lww.com/CCM/C782>) and spleen concentrations of TNF-α and IL-6 that was induced in photoactivated ChAT mice (**Fig. [5](#F5){ref-type="fig"}*E***). Collectively, our data reveal that dopaminergic neurons in the DMN/SolV indeed mediated the modulation of the systemic inflammatory response of the vagus nerve.

![TH positive dopaminergic neurons occupy 35.2% of c-Fos--positive neurons in the dorsal motor nucleus of the vagus (DMN)/ventral part of solitary nucleus (SolV) activated by photostimulation of basal forebrain cholinergic neurons, and dopaminergic neurotransmission from the DMN/SolV to the spleen via vagus nerve is indispensable for the cholinergic activation--induced anti-inflammation. **A1**--**D1**, TH positive dopaminergic neurons occupy 35.2% of the c-Fos--positive neurons in the DMN/SolV. **A2**--**D2**, Serial image projection. Some c-Fos--positive neurons in the DMN/SolV were TH+ (*arrows* in **D2**). Two *arrowheads* indicated two example neurons expressing TH+ (*blue*) and c-Fos+ (*red*). Scale bar equals 50 μm. **E**, In ChAT mice, photoactivation reduced concentrations of tumor necrosis factor (TNF)-α and interleukin (IL)-6 in the spleen, and this effect was nearly completely reversed by injecting 6-hydroxydopamine (6-OHDA). These data are presented as the mean ± [sem]{.smallcaps} (\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001). **F**, Schematic model on the central and peripheral pathway of neuroimmune interaction: from activation of cholinergic neurons in basal forebrain to dopaminergic neurons in DMN/SolV via vagus nerve to the spleen in sepsis. CLP = cecal ligation and puncture, NS = no significant difference, WT = wild type.](ccm-45-e1075-g005){#F5}

DISCUSSION
==========

The pathophysiology of neuromodulation in sepsis is complex; it is a substantial challenge to explore neuroimmune networks in sepsis ([@R7], [@R23]). Improving our understanding of the complicated interactions between the brain and peripheral inflammatory response may lead to the development of important potential therapeutic approaches for treating sepsis. A fundamental aim of this study was to explore the effect of ch-BF neurons on sepsis and identify the neuronal pathways potentially involved in the modulation of polymicrobial sepsis--induced inflammation. Our results strongly suggest that the specific activation of ch-BF neurons is pivotal to attenuating the systemic inflammatory response in septic mice and that this effect is mediated by the vagus nerve. Importantly, BF projections to the DMN/SolV substantially contribute to the role of cholinergic neurons in the cholinergic anti-inflammatory pathway. Here, we provide the first evidence showing that selectively activating ch-BF neurons dramatically attenuated systemic inflammation in sepsis via a mechanism involving the DMN/SolV neuronal pathway (**Fig. [5](#F5){ref-type="fig"}*F***).

In recent decades, neurotransmitters, neuropeptides, neurohormones, and cytokines have been intensively investigated to increase our understanding of the coordinated interactions between the CNS and immune system ([@R23]). In particular, the unresolved question of how the immune system is innervated by the CNS prompted the uncovering neuronal circuits that regulate the innate and adaptive immune responses. It is generally accepted that the CNS dominates the inflammatory response in sepsis via two main mechanisms ([@R24]). The first involves the hypothalamic-pituitary adrenal axis, which is stimulated by vagal afferent fibers and induces to the release of glucocorticoids in a humoral manner ([@R25]). The second is termed the "inflammatory reflex," which is a classic neural reflex uses negative feedback to inhibit the excessive release of inflammatory mediators in response to an immune challenge and provides real-time information to the brain regarding the body's inflammatory status ([@R26], [@R27]). Our study is the first to show that photostimulating ch-BF neurons in ChAT mice decreased TNF-α and IL-6 levels but did not affect IL-10 levels. We further explored the effect of vagotomy on systemic inflammation in photostimulated WT and ChAT mice and found that the vagus nerve performed an essential role in the down-regulation of TNF-α and IL-6 in sepsis by selectively activating ch-BF neurons, which confirmed that ch-BF neurons signal through the efferent vagus nerve.

In the BF, cholinergic neurons comprise only 5% of the total cell population, whereas gamma-aminobutyric acid-ergic neurons account for 35% and glutamatergic neurons account for 55% ([@R16], [@R29], [@R30]). It was previously reported that the vagus nerve senses peripheral inflammation via afferent nerve fibers, transmits inflammatory signals from the periphery to the brain stem, and modulates immune responses in organs via reciprocal efferent fibers ([@R9], [@R31]). We therefore screened neuronal pathways in brain stem to identify the downstream neural targets of the BF that might mediate the peripheral inflammatory response in sepsis. Using c-Fos, a reliable marker of neuronal activity, we observed that photostimulating ch-BF neurons increased the number of c-Fos--positive neurons in the DMN/SolV, suggesting that ch-BF neurons might participate in regulating neuroimmune interactions via the DMN/SolV neuronal pathway. These results provide new insights into the specificity of cholinergic innervations and the topographical relationship between the BF and DMN/SolV.

So far, the research on the principal neurotransmitter in the vagus nerve has been focused on acetylcholine ([@R32], [@R33]). However, it remains unknown whether cholinergic neurons in the CNS directly modulate peripheral inflammatory responses through other neurotransmitters than acetylcholine in the vagus nerve. Our data showed that among the neurons in the DMN/SolV activated by photostimulation of ch-BF neurons, 35.2% were dopaminergic neurons, suggesting that dopaminergic neurotransmission to the spleen might mediated the cholinergic anti-inflammation. To clarity to what extent does the dopaminergic neurotransmission contribute to such an anti-inflammation, we destroyed dopaminergic neurons in the spleen by locally injection of 6-OHDA. Surprisingly, pharmacologically depletion of dopaminergic neurotransmission to the spleen almost completely reversed the ch-BF activation--induced anti-inflammation, and this effect is very similar to the surgical left vagotomy. These data showed that dopaminergic neurotransmission from DMN/SolV to the spleen via vagus nerve is necessary to the cholinergic activation--mediated anti-inflammation. Our novel finding indentified new therapeutic targets for developing new devices to reduce inflammation in sepsis.

CONCLUSIONS
===========

In the present study, we provide the first evidence showing that selectively activating ch-BF neurons attenuates polymicrobial sepsis--induced inflammation. Such anti-inflammatory effect is mediated by neurotransmission from cholinergic in BF to dopaminergic in DMN/SolV through vagus nerve. These data suggest that developing novel therapeutic devices and drugs that target the central and peripheral pathway of neuroimmune interaction, especially on cholinergic-dopaminergic-vagus nerve, may potentially lead to novel treatments for sepsis and other inflammatory diseases.
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